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Abstract 
The plasma cutting process is investigated experimentally in the present paper for assessing the quality of the cut. The quality of the 
cut has been monitored by measuring the kerf taper angle (conicity), the edge roughness and the size of the heat-affected zone 
(HAZ). This work aims at evaluating processing parameters, such as the cutting power, scanning speed, cutting height and plasma 
gas pressure. A statistical analysis of the results has been performed in order for the effect of each parameter on the cutting quality 
to be determined. The regression analysis has been used for the development of empirical models able to describe the effect of the 
process parameters on the quality of the cutting. 
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1. Introduction 
Plasma arc cutting (PAC) is a non-conventional 
manufacturing process capable of processing a variety of 
electrically conducting materials. Stainless steel, 
manganese steel, titanium alloys, copper, magnesium, 
aluminium and its alloys and cast iron can be processed. 
The plasma process for cutting was developed 
approximately thirty years ago, for metals difficult to be 
machined through conventional processes. It uses a high-
energy stream of dissociated, ionized gas, known as 
plasma, as the heat source [1]. 
 
 
Fig. 1. Plasma arc cutting principle [2] 
PAC process (fig. 1) is characterized by an electric 
arc established between an electrode and the workpiece. 
The electrode acts as the cathode, and the workpiece 
material acts as the anode.  
PAC process is not a new process (fig. 2), however; 
state of the art knowledge in the process is characterized 
more by the huge amount of patents than by scientific 
publications. There is need for better understanding of 
process mechanics and physics. 
The challenge of today’s research in PAC process is 
to increase the energy density generated by the system. 
In order to achieve higher cutting thickness without 
losing the quality of the cut, many parameters must be 
taken into consideration. Investigations on plasma 
cutting process on various materials have identified as 
dominant process parameters the following ones [1, 2]: 
x cutting speed,  
x cutting current,  
x cutting height or standoff (i.e. the distance maintained 
between torch and workpiece after piercing and while 
cutting), 
x nature, pressure and flow of the plasma gas. 
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Fig. 2. Plasma arc cutting history milestones 
The objective of this paper is the investigation and 
determination of the most important parameters that 
influence the cutting quality on oxygen plasma cutting. 
Oxygen as a cutting gas is of low cost against other 
cutting gases. For this reason, there is a trend in 
industrial practice to be extensively used for cutting mild 
steel. On the other hand, oxygen is an active gas 
reducing the cutting quality of the cuts. The effect of the 
most important parameters on quality characteristics, 
such as cutting edge surface roughness, conicity and heat 
affected zone (HAZ), for cutting of mild steel was 
assessed. Statistical analysis of the results has been 
utilized for determining the contribution of each 
individual parameter to the cutting quality. 
2. Experimental investigation 
2.1. Experimental Setup 
All experiments were performed on a CNC plasma-
cutting system (Kaltenbach KF 2512 – HPR 260) with a 
dual flow torch. The cuts were performed on 15 mm 
thickness S235 mild steel sheets, with the use of oxygen 
as plasma (primary) gas and air as shielding (secondary) 
gas. 
The specimens were made up of a linear cut 150 mm 
in length and a rectangular cut of 50 mm side, in order 
for the cutting edge roughness, the conicity and the heat 
affected zone (HAZ) to be measured. All cuts were made 
parallel to the rolling direction. The materials were 
allowed to cool to room temperature between cuts.  
Every experiment was conducted five times, while for 
the cutting edge roughness five measurements were 
taken along the cut and one for the other quality 
indicators. Each measurement was taken approximately 
in the middle of the workpiece’s thickness and the 
average value of all five measurements was used and 
treaded as the result of a single experiment. 
2.2. Design of Experiments 
Design of experiments (DOE) is a family of 
structured, organized techniques used to empirically 
understand the impact of process parameters (variables 
or factors) on the process performance and assist in 
identifying the optimum variables values. The main 
advantage of these techniques is that they can provide 
results with only a fraction of all the possible 
experimental combinations. For this reason, DOE 
methods have been extensively used in the optimization 
of a vast number of manufacturing processes ranging 
from laser cutting and welding [3, 4] to roll forming [5].  
For setting a successful DOE programme however, 
the key process parameters (factors) and their levels 
have to be defined. This is achieved through screening 
experiments. The review of the existing literature 
revealed that the key process parameters are the cutting 
speed (CS), the cutting current (CC), the cutting height 
(CH) and the pressure of the plasma gas (PPG). For 
setting up the DOE a number of screening experiments 
were performed. In table 1, the range that each process 
parameter can be set for achieving through cuts is 
presented.  
Table 1. Screening experiments results 
Parameters lower limit upper limit 
Cutting speed - CS (mm/min) 1365 3365 
Cutting current - CC (A) 160 280 
Cutting height – CH (mm) 3.7 9.9 
Plasma gas pressure – PGP (psi) 60 99 
 
Based on the screening experimental results, the 
Taguchi method was selected for the DOE. Within 
Taguchi method, the experiments are performed as per 
standard orthogonal arrays while the optimum level of 
input process parameters (control factors) are decided on 
the basis of a statistical analysis of the experimental 
results [6]. The tool used in the Taguchi method is the 
orthogonal array (OA). The OA defines the values of the 
parameters for each experiment. The Taguchi method 
employs a generic signal-to-noise (S/N; frequently it is 
abbreviated as SNR as well) representing the magnitude 
of the mean of a process compared to its variation. In 
general the term “signal” refers to the desirable mean 
value (i.e. the parameter that can be controlled) of the 
output characteristic whereas “noise” refers to the 
undesirable value (i.e. the parameter / factor that cannot 
be controlled). These S/N ratios measure the effect of 
noise factors on performance characteristics. S/N ratios 
take into account both amount of variability in the 
response data and closeness of the average response to 
target. S/N ratios are calculated for each level value. 
There are several S/N ratios available depending on type 
of characteristics: smaller is better, nominal is best and 
larger is better. Regardless of the category of the quality 
characteristic, a grater S/N ratio corresponds to better 
quality characteristics. Therefore, the optimal level of 
the process parameters is the level with the greatest S/N 
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ratio, since this indicates the situation where the 
performance of the process is maximized and the noise 
is minimized. These data are analysed using analysis of 
variance (ANOVA) techniques as to identify which 
process parameters are statistically significant. With the 
S/N and the ANOVA analyses, the optimal combination 
of the process parameters can be predicted.  
Finally, a confirmation experiment is conducted to 
verify the optimal process parameters obtained from the 
parameter design. Therefore, three objectives can be 
achieved through the parameter design of the Taguchi 
method: (1) determination of the optimal design 
parameters for a process or a product; (2) estimation of 
the effect of each design parameter in the quality 
characteristics; and last but not least, (3) prediction of 
the quality characteristics based on the optimal design 
parameters. 
For the selection of an appropriate OA for the 
experiments, the total degrees of freedom need to be 
determined. The degrees of freedom are defined as the 
number of comparisons between design parameters that 
need to be made in order to determine the effect of each 
one. For example, a three-level design parameter counts 
for two degrees of freedom. In the present study, the 
interaction between the cutting parameters is neglected. 
Therefore, there are eight degrees of freedom since four 
cutting parameters are considered in the plasma cutting 
operation. 
The degrees of freedom for the selection of the OA 
should exceed or at least equal to those for the design 
parameters. For the needs of the present study, an L9 OA 
was adequate since it holds eight degrees of freedom and 
can handle three-level design parameters. L9 requests 
nine cutting parameters combinations to be tested for the 
studying of the entire parameter space. The parameters 
to be examined and the levels of each parameter are 
sorted out in Table 2.  
Table 2. Parameters and their respective levels 
Parameters L1 L2 L 3 
CS (mm/min) 1820 2275 2730 
CC (A) 180 210 240 
CH (mm) 4.1 6.1 8.1 
PGP (psi) 60 75 90 
3. Experimental Results and Discussion 
The cut quality was assessed in terms of cutting edge 
surface roughness, conicity (edge inclination) and HAZ. 
The cutting edge surface roughness was measured every 
20mm along a 150mm length of the centerline in every 
specimen. Allowance was made for non steady state 
conditions at the beginning and the end of the cut. The 
variation of surface roughness (Ra) was measured with a 
diamond tipped stylus, surface measurement instrument 
(Mitutoyo SJ-400). An optical microscope Leitz was 
used for the observation and measurement of each 
specimen. The conicity (edge inclination) was calculated 
based on the kerf measurement. For the measurement of 
the HAZ, a Nital etchant (solution of 4% nitric acid in 
alcohol) was applied on the processed area. The etched 
surface was examined visually with an optical 
microscope to detect detrimental microstructural 
modifications that result from overheating during plasma 
cutting machining. The experimental results of the three 
quality characteristics selected for the evaluation of the 
cutting quality, are presented in Table 3. 
Table 3. Experimental runs and results 
 CS 
(mm/min) 
CC 
(A) 
CH 
(mm) 
PGP 
(psi) 
Ra 
(μm) 
Conicity 
(%) 
HAZ 
(μm) 
1 1820 180 4.1 60 0.820 11.84 400 
2 1820 210 6.1 75 0.912  7.85 500 
3 1820 240 8.1 90 1.178  7.43 550 
4 2275 180 6.1 90 0.888  9.30 425 
5 2275 210 8.1 60 0.976  9.46 425 
6 2275 240 4.1 75 0.772 10.56 400 
7 2730 180 8.1 75 1.022   8.80 350 
8 2730 210 4.1 90 0.724 11.29 400 
9 2730 240 6.1 60 0.908   8.08 325 
 
 
 
 
 
 
Fig. 3. Plasma arc cut specimens (a) prepared for surface roughness 
measurement, (b) after polishing and (c) after etching for the 
assessment of HAZ 
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3.1. Analysis of the S/N ratio 
As already mentioned the S/N ratio is a means for 
assessing the quality characteristics of the cuts. The goal 
for all three characteristics is to minimize their value. 
Therefore, the analysis criterion chosen was the “Lower-
the-Better”. The S/N ratios for each experimental test 
and for each level were calculated as a logarithmic 
function of mean square deviation using equations [6]: 
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where yi is the observed value for each experiment, n 
is the number of repeated experiments, Fj is the level j of 
factor F, m is the number of experiments where Fj 
participated and (S/N)i is the S/N of the experiment in 
which Fj participated. The response graphs of the quality 
characteristics against the four control parameters are 
shown in Fig. 4. 
 
 
 
 
 
Fig. 4. Response graphs for Conicity, HAZ and Surface 
For a given process variable, the level corresponding 
to the highest average S/N ratio should be selected as the 
optimum one. In Table 4, are shown the optimum 
parameters’ combinations in order for the minimum 
conicity, heat-affected zone and surface roughness to be 
obtained, along with the results of each quality indicator 
for any experiments conducted at the optimum 
parameters’ levels. 
The confirmation test results indicate a reduction in 
all quality indicators compared with the ones obtained 
having used the initial settings of the process parameters. 
Under the optimum process parameter levels, the cutting 
edge surface roughness was reduced for 14%, the 
conicity for 6.8% and the heat-affected zone for 14.2%. 
Hence, in general, a considerable reduction in each 
quality indicator has been obtained using the respective 
optimum parameters’ settings. 
Table 4. Optimized parameters’ combination for obtaining the 
optimum quality characteristics and the corresponding results 
 CS 
Level 
CC 
Level 
CH 
Level 
PGP 
Level 
Measured 
characteristics 
Roughness CS2 CC2 CH1 PGP2 0.6226 (μm) 
Conicity CS2 CC3 CH3 PGP3 6.925 (%) 
HAZ CS2 CC1 CH1 PGP1 278.85 (μm) 
3.2. Analysis of Variance 
Analysis of variance (ANOVA) for the S/N ratios has 
been carried out in order for the effect of each control 
factor, in the quality characteristic, to be determined. For 
the estimation of the impact of each process parameter 
(i.e. the responsibility percentage of each variation factor 
FResp), the total sum of squares [Sn]Total and the sum of 
squares due to each factor [Sn]F, are calculated [6].  Fig. 
5 presents the results. 
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Fig. 5. Effect of process parameters on Conicity, HAZ and Ra 
The cutting height has the strongest effect on the 
quality characteristics and especially on conicity and on 
the surface roughness of the cut. The cutting height 
effect on conicity is due to the fact that the plasma gas 
beam is not of cylindrical shape but resembles the shape 
of a reversed candle flame.  Therefore, depending on the 
relative position of the plasma to the workpiece surface, 
the conicity is changed respectively (Fig. 6). 
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Fig. 6. Effect of cutting height on the conicity, from left to right: cut 
height too high, too low and optimum 
The cutting current has the strongest effect on the 
HAZ. In general, increasing the cutting current and 
decreasing the cutting speed results in the increase of the 
HAZ. Since the combination of the cutting current and 
the cutting speed determines the amount of heat entering 
the workpiece during processing, the lower cutting 
current and the higher cutting speed will result in 
reduced heat input during the plasma-material 
interaction and consequently, reducing the dimensions of 
HAZ. Additionally, the assist gas pressure affects the 
size of the HAZ due to the fact that higher values of gas 
pressure results in higher temperatures of the plasma, 
since the plasma is supplied with excess oxygen. 
Regarding the roughness of the cutting edge, cutting 
height has the strongest impact, whereas cutting speed 
and cutting current are minor influencing parameters. 
The surface roughness is linked to the stability of the 
arc. When the cutting speed is increased beyond a 
specific limit, the torch moves too fast for the plasma arc 
to retain its stability with regard the cutting front. 
Therefore the plasma arc cannot remain perpendicular to 
the cutting front, resulting in the formation of drag-lines 
on the cutting surface. On the other hand, too low cutting 
speed results in over melting of the processing area that 
cannot be removed and re-solidifies within the cutting 
area. This re-solidification is in the form of striations 
increasing thus the surface roughness. In a similar way, 
the cutting height affects the surface roughness. When 
the torch is positioned too high with regards the 
workpiece surface, the plasma arc is long and curves. 
This also results in the formulation of drag-lines and 
surface waves. 
In general, it can be stated that the cutting height is 
the parameter with the greatest influence on the quality 
characteristics of the process. This has resulted in an on-
going research on the development of automatic and 
adaptive torch height control systems.  
3.3. Development of an empirical model 
A regression analysis has been used for developing 
empirical models for the combined effect of cutting 
current, cutting speed, cutting height and plasma gas 
pressure on the cutting quality. In order for a basic 
understanding of the effect of process parameters on the 
process result to be obtained, first order and interaction 
main effects have been accounted for in the regression 
model, which has the general form: 
Yj = a0 + a1x1+ a2x2+ a3x3 + a4x4 + a5x1x2 + a6x1x3   
     + a7x1x4 + a8x2x3 + a9x2x4 + a10x3x4 (4) 
where Yj, is the cutting quality parameter (Y1: 
conicity, Y2: heat-affected zone, Y3: cutting edge surface 
roughness), x1 is the cutting current, x2 is the cutting 
speed, x3 is the cutting height and x4 is the plasma gas 
pressure. The least-square fit method has been used for 
determining numerically a basic solution for the 
coefficients of Eq. (6) with the use of the Matlab 
software. 
The regression model predictions are in good 
agreement with the experimental data of this particular 
set of experiments, as expected and proving the validity 
of the regression model (with less than 4% deviation).  
In order for the developed regression model to be 
evaluated in a more general way, a set of experiments 
was conducted on various materials and thicknesses 
(table 5), and the surface roughness was measured. The 
comparison between the experimental and the predicted 
values for these characteristics are presented in Fig. 9. 
Table 5. Experimental setups for regression model confirmation.  AISI 
304 experiments were found in [2] 
Test No 1 2 3 4 5 6 7 8 
Material S235 Mild Steel AISI 304 stainless steel 
Thickness 
(mm) 10 10 20 20 4 4 6 6 
CS 
(mm/min) 2275 2730 1820 2275 1000 1800 1000 1800 
CC (A) 210 210 240 240 130 45 130 45 
CH (mm) 6.1 8.1 4.1 4.1 3 3 3 3 
PGP (psi) 75 75 90 90 60 60 60 60 
 
 
Fig. 7. Regression model confirmation tests 
As it is evident in fig. 7, the theoretical results 
underestimate the experimental ones. The confirmation 
tests that were performed on the same material as with 
the initial experiments are in good agreement with the 
experimental data. The average deviation between the 
experimental measurements and the theoretical 
predictions was estimated to be ca. 8%. For the case of 
thin sheets, the average deviation was ca. 5.5% whereas 
for thicker sheets the deviation was ca. 10%. 
292   K. Salonitis and S. Vatousianos /  Procedia CIRP  3 ( 2012 )  287 – 292 
 
 
The use of the regression model for the prediction of 
the cut quality of a different material (stainless steel) is 
of limited applicability. The deviation ranges from 20 to 
60%. The main cause for these deviations between the 
theoretical and experimental data is possibly the 
difference in the material’s thermal properties and the 
specimens’ thickness. The regression model has been 
derived from the experiments performed on a mild steel. 
The AISI 304 stainless steel is alloyed with magnesium, 
whereas no magnesium can be traced in notable 
concentrations within mild steel. This change in 
composition alters significantly its thermal properties. 
3.4. Response surface modelling and plots 
Based on the developed empirical model, response 
surface modelling (RSM) method was used for further 
assessing the effect of the three most influencing process 
parameters to the quality characteristics. RSM is a 
collection of mathematical and statistical techniques that 
are useful for the modeling and analysis of problems in 
which a response of interest is influenced by several 
variables and the aim is to optimize this response. 
The three most influencing parameters for each 
quality characteristic were identified based on ANOVA. 
Plasma gas pressure has the least impact on the conicity 
(fig. 5). Therefore, for the needs of the RSM, only 
cutting height, current and speed were considered. 
Similarly, for the HAZ, only cutting current, cutting 
speed and plasma pressure gas were considered. Finally, 
for surface roughness, the parameters considered were 
the cutting height, current and speed. 
Fig. 8 shows contours based interaction analysis 
between the three main process parameters on conicity. 
From these plots it can be observed that the conicity can 
be reduced when using higher cutting speeds, 
positioning the torch higher with reference to the 
workpiece surface and when applying higher cutting 
current. Fig. 9 shows similar contour plots for HAZ.  
The goal is to minimize the HAZ and this can be 
achieved by reducing the cutting current, the plasma gas 
pressure or by lowering the torch with regards the 
workpiece surface. Fig. 10 indicates that for reducing the 
cutting edge surface roughness, the cutting current and 
the cutting speed have to be increased.  Furthermore, 
lowering the position of the torch to the workpiece can 
further reduce the surface roughness. 
 
 
Fig. 8. Response surface contour plots for conicity for CH, CC and CS; 
with hold values: CS=2275, CC=210, CH=6.1 
 
Fig. 9. Response surface contour plots for HAZ for PGP, CC and CS; 
with hold values: CC=210, PGP=75, CS=2275 
 
Fig. 10. Response surface contour plots for HAZ for PGP, CC and CS; 
with hold values: CH=6.1, CC=210, CS=2275 
4. Conclusions 
The scope of the present paper was the experimental 
study of the plasma arc cutting in order to identify the 
process parameters that influence the most the quality 
characteristics of the cut. Four process parameters were 
examined, namely the cutting speed, the cutting current, 
the plasma gas pressure and the distance of the plasma 
torch from the workpiece surface (cutting height). The 
quality characteristics that were assessed included the 
surface roughness, the heat affected zone and the 
conicity of the cut geometry. Using design of 
experiments and analysis of variance, it was found that 
the surface roughness and the conicity are mainly 
affected by the cutting height, whereas the heat affected 
zone is mainly influenced by the cutting current.  
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